Abstract. The objective was to quantify the effect of substrate pH and micronutrient concentration on tissue nutrient levels in Petunia ×hybrida Hort. Vilm.-Andr. and Impatiens wallerana Hook. F. Plants were grown in 10-cm-diameter pots for 4 weeks in a 70% peat : 30% perlite medium amended with fi ve lime rates to achieve substrate pH values ranging from pH 4.4 to 7.0. Plants were irrigated with (in mg·L . Increasing C111 increased foliar Cu, total Fe and ferrous Fe in both species, and B for impatiens, and partly compensated for reduced nutrient solubility at high pH.
. SPAD chlorophyll index also declined in petunia with foliar Mn >42 µg·g -1 . Increasing C111 increased foliar Cu, total Fe and ferrous Fe in both species, and B for impatiens, and partly compensated for reduced nutrient solubility at high pH.
Substrate pH affects nutrient solubility in a peat-based medium, and the resulting uptake of nutrients into plant tissue (Nelson, 1998; Peterson, 1981) . Solubility of P, Fe, Mn, Zn, Cu, and B decrease as pH increases in a highly organic medium, whereas Mo solubility increases with increasing pH (Biernbaum and Argo, 1995; Lucas and Davis, 1961; Peterson, 1981; Wright and Niemiera, 1987) . For fl oricultural crop species grown in a soilless medium, the most common nutrient imbalances that occur when pH is outside the optimum range of 5.6 to 6.2 (Bailey and Nelson, 1998) are either toxic levels of Fe and Mn at low pH or Fe defi ciency at high pH (Albano and Miller, 1998; Argo and Fisher, 2002; Biernbaum et al.,1988; Reed, 1996) . crop. Our review of commercially available blended water-soluble greenhouse fertilizers used in North America (Smith et al. [companion article a] ) for every 100 mg·L -1 N. The concentration of nitrogen applied to a crop is therefore likely to affect whether the micronutrient concentrations are adequate for plant growth, or are insuffi cient (defi ciency) or excessive (toxicity) at a particular substrate pH.
Nutrient uptake can differ greatly from nutrient solubility because of a variety of biological factors in the rhizosphere, such as active transport mechanisms by roots, root exudation of chelating, reducing, and acidifying agents, competition and antagonisms between nutrients and other salts, and competition with soil microorganisms (Marschner, 1995) . For example, Lucas and Davis (1961) and Peterson (1981) concluded that the optimal pH for P nutrition was 5.5 in media without soil, because above this pH water-soluble P concentration in the medium began to decrease. However, Adams et al. (1978) found that the P content of lettuce leaves was unaffected by medium pH up to 6.5, even though the concentration of water-soluble P measured in the medium was 38% of that measured at pH 5.5. Argo and Biernbaum (1996) also found that although the concentration of water-soluble P in the root medium decreased with increasing pH, the effect on impatiens shoot-tissue P was minimal until pH was above 7.2.
Our goal was to quantify the effect of substrate pH and micronutrient concentration on tissue nutrient levels for two fl oricultural crop species-hybrid petunia (Petunia ×hyb-rida Hort. Vilm.-Andr.) and hybrid impatiens (Impatiens wallerana Hook. F.). We hypothesized that the primary effect of increasing substrate pH would be a reduction in tissue concentrations of micronutrients (especially Fe), based on existing research (Fisher et al., 2003; Miller et al., 1984; Peterson, 1981) . We further hypothesized that increased micronutrient concentration in fertilizer would increase leaf chlorophyll level by increasing tissue levels of these nutrients and compensating for lower solubility at high substrate pH. Specifi c objectives were to 1) quantify the effect of substrate pH on tissue macronutrients, 2) quantify the effect of substrate pH on tissue micronutrients, particularly with regard to Fe and Mn, and 3) to correlate tissue nutrient levels with pigment concentration.
Materials and methods
Design. Two species, Petunia ×hybrida 'Priscilla' and Impatiens wallerana 'Rosebud Purple Magic', were grown in a 70% peat : 30% perlite medium at fi ve preplant lime incorporation rates, and irrigated using a complete WSF that contained one of 3 different micronutrient concentrations in a factorial design (fi ve lime
The form and concentration of micronutrients applied in a water-soluble fertilizer (WSF) affect the available nutrient concentration in the soil solution across a range in pH. Solubility of sulfate and oxide forms of metal micronutrients in peat-based media is very high at a low media pH, but decreases rapidly as the media pH increases >5.5 (Peterson, 1981; Reed, 1996) . Chelated metal micronutrients tend to remain soluble over a wider pH range, and the stability of Fe chelates at high pH (>6.5) is EDDHA (ethylenediaminobis(2-hydroxyphenyl)acetic acid >> DTPA (diethylenetrinitrilopentaacetic acid) > EDTA > HEDTA (N-(2-hydroxyeth yl)ethylenedinitrilotriacetic acid) >> citrate (Boxma, 1981; Lindsay, 1979; Reed, 1996) .
A review of product labels from commercially available blended water-soluble fertilizers used in North America shows that common sulfate micronutrient forms are to give initial substrate pH values of (SE ± 0.01) 4.5, 4.8, 5.3, 6.1, and 7.2, and with initial electroconductivity (EC) of (SE ± 0.01) 1.1, 1.2, 1.2, 1.3, and 1.3 dS·m -1 , respectively. A deionized water solution containing 1.4 mL·L -1 of a wetting agent (Psi Matric, Aquatrols, Cherry Hill, N.J.) was added to all medium at 0.14 L·m Tensiometers (Mini "LT", Irrometer, Riverside, Calif.) were randomly placed in three pots per species. All plants of an individual species were top-watered with treatment solutions when medium dryness exceeded -5 kPa. Each pot received ≈110 mL of solution at each irrigation, with a mean leaching rate of <8%.
Data collection. To measure pH and EC, a saturated paste was prepared from the media using deionized water as the extractant (Warnke, 1995) . Substrate pH was measured directly in the slurry, and electroconductivity was measured on the fi ltered extract 0, 7, 14, and 21 d after planting from two destructively sampled replicates per block. Final pH and EC were collected 28 d after planting on all replicates. Substrate pH was measured using a solid-state pH probe (model 6165 Sure-Flow pHuture Probe; Orion Technologies, Beverly, Mass.) with a pH meter (model 620; Orion), and EC was measured with an electroconductivity meter (model 130; Orion).
Medium and tissue nutrient concentrations were quantifi ed using inductively coupled plasma (ICP) atomic emission spectrophotometry. Samples were collected 28 d after planting, and the four fi nal replications per pH × C111 combination within each block were combined for ICP analysis of the root medium and plant tissue.
Tissue nutrients. Tissue harvested from each pot was rinsed in a distilled water solution containing 0.5% nonionic, phosphate-free detergent (Aquet, Bel-Art, Pequannoc, N.J.). Plant leaves were separated from petioles and stems, and dried in a 50 °C oven for 7 d. Dried tissue was ground in a Thomas-Wiley grinding mill in order to pass through a 40-mesh screen. Ten milliliters of HNO 3 was added to 0.3 g of ground tissue and microwave digested for 15 min while ramping to 170 °C, and then for another 15 min at 170 °C. The sample was diluted to 50 mL with distilled, deionized water, and nutrient concentrations were determined using the ICP. Molybdenum levels were not measured with adequate precision, and are not reported.
Active Fe. Oserkowsky (1933) and Bennett (1945) found that extracting the physiologically active ferrous iron (Fe 2+ ) with dilute HCl provided a more accurate diagnosis of Fe nutritional status in leaf tissue than total Fe. Ferrous Fe was determined according to the method of Oserkowsky (1933) , which was modifi ed by Llorente et al. (1976) . We added 10 mL of 1 N HCl to 0.5 g of dried tissue in a 15-mL centrifuge tube placed horizontally on an orbital shaker (VWRbrand, So. Plainfi eld, N.J.) and shaken for 4 h at 2.0 r·s -1 . Samples were centrifuged at 167 r·s -1 for 30 min, then the upper phase of the solution was fi ltered twice through fi lter paper (no. 1, Whatman paper, Maidstone, Kent, U.K.) using a buchner funnel under vacuum extraction. The Fe level in the fi ltrate was analyzed by ICP.
Comparison between SPAD and tissue nutrient levels. The Minolta SPAD meter (Soil Plant Analysis Development, Ramsey, N.J.) indirectly measures chlorophyll content in a nondestructive manner. SPAD measurements were taken on 10 random leaves per plant and were reported in detail by Smith et al. ([companion article a] ). To correlate tissue nutrient levels and chlorosis, we compared the levels of tissue nutrients with measured SPAD values. The nonlinear procedure in SAS (SAS Institute, Cary, N.C.) was used to fi t an empirical model to data for each species using equations based on Anderson and Nelson (1975) . We fi t two alternative linear models to each nutrient, where Nutr represented the foliar concentration of the nutrient: 1. One phase: There was a linear relationship (a + b 1 Nutr) between the nutrient and SPAD index, fi tted using linear regression to estimate a and b 1 . 2. Two phase: a) Below a critical nutrient level Nutr crit , a positive linear relationship (a + b 1 Nutr) described the effect of the nutrient on SPAD index up to a critical SPAD value (C crit ), and b) above Nutr crit , the slope changed to a linear relationship with a different gradient (C crit + b 2 (Nutr -Nutr crit )) with nutrient concentration, possibly because of nutrient saturation or toxicity. Four parameters (a 1 , b 1 , b 2 , and Nutr crit ) were estimated by the nonlinear procedure. C crit was calculated from a + b 1 Nutr crit .
We reported one model for each nutrient. If a unique statistical solution existed for all parameters for both model 1 and model 2, as estimated by SAS, we selected the model with 1) the highest adjusted r 2 or 2) the fewest parameters (i.e., model 1) if adjusted r 2 was equal for more than one model.
Results and Discussion
pH and clectroconductivity. Substrate pH and EC data for this experiment were presented by Smith et al. ([companion article a] ). Petunia tended to have a slightly higher substrate pH (by up to 0.2 units at a given lime rate) than impatiens, however C111 did not affect substrate pH. For petunia, the least-square mean pH values of the lime treatments over time (SE ± 0.02) were 4.6, 4.9, 5.3, 6.1, and 7.0 pH units, whereas for impatiens the mean pH values were 4.4, 4.7, 5.1, 6.0, and 7.0. Substrate EC remained within acceptable ranges (Warncke, 1995) throughout the experiment, and increased from an average 1.2 dS·m -1 at planting to 2.29, 2.45, and 2.57 dS·m -1 at the end of the experiment for the 0.033, 0.067, and 0.134 g·L -1 C111 treatments, respectively.
Foliar macronutrients. Substrate pH affected all foliar macronutrient concentrations (Table 1) . Foliar N content decreased slightly as substrate pH increased (by <10% from the lowest to highest pH level), whereas foliar Ca, Mg and S tended to increase. The increase in foliar Ca and Mg with increasing substrate pH probably resulted from additional dolomitic lime used to achieve the higher substrate pH treatments. Although foliar P and K varied with pH, there was no consistent trend between species. Increasing C111 concentration decreased P overall with petunia, but in impatiens there was a signifi cant interaction, whereby increasing C111 resulted in a decline in P at low pH and an increase in P at high pH. Given the number of nutrients statistically analyzed for this experiment, however, the interaction for P may not be horticulturally signifi cant.
Foliar macronutrients were generally within the acceptable ranges for bedding plant species used by testing laboratories (including the survey range from Mills and Jones (1996) in Table 1 , and ranges reported by Vetanovetz (1996) ). Differences between observed levels and suggested nutrient ranges (for example high observed N content for impatiens) may indicate that the published ranges may not accurately refl ect toxic or defi cient levels for these particular cultivars. Differences between our results and other ranges may have resulted from our tissue sampling method, however, because all foliage was included in the analysis whereas commercial testing laboratories generally sample recently mature leaves (Vetanovetz, 1996) .
Foliar micronutrients. Substrate pH affected all foliar micronutrient levels ( Table 2) . In both species, total Fe and ferrous Fe consistently decreased as substrate pH increased. Ferrous Fe in tissue was positively correlated with total Fe in tissue for both species (p < 0.001, data not shown). For petunia, foliar contents of Zn and B increased as pH rose, whereas Cu content decreased. Zn increased in impatiens as substrate pH increased.
Foliar Mn did not change signifi cantly as pH increased to 6 (Table 1 ), but when substrate pH increased from 6 to 7, the mean Mn content increased for both petunia (by 80% compared with pH 6) and impatiens (37%). Biernbaum and Argo (1995) reported a similar trend for impatiens grown at a wide pH range and irrigated with 3 WSFs differing in NH 4 to NO 3 ratio, Ca, Mg, and S content, but containing the same micronutrients concentrations. Foliar Mn in the Biernbaum and Argo (1995) study decreased from pH 4.0 to 6.0, then increased as medium pH rose from 6.0 to 8.5. The ratio of Fe to Mn in plant tissue, two nutrients that can have antagonistic effects on uptake (Bunt, 1988; Mills and Jones, 1996) , decreased with increasing substrate pH in both species.
Increasing the concentration of C111 led to a higher foliar content of total Fe (impatiens only), ferrous Fe, and Cu in both species (Table  2) , and increased the ratio of Fe to Mn. Higher concentrations of C111 decreased foliar Mn in petunia, but impatiens foliar Mn was not Mills and Jones (1996) for each species. Survey data not available for ferrous iron or Fe:Mn.
x N/A = not applicable. NS,*,**,*** Nonsignifi cant or signifi cant at P ≤ 0.05, 0.01, or 0.001, respectively. Letters after each treatment mean represent mean separation using Tukey's HSD at p = 0.05. Mills and Jones (1996) for each species. NS,*,**,*** Nonsignifi cant or signifi cant at P ≤ 0.05, 0.01, or 0.001, respectively. Letters after each treatment mean represent mean separation using Tukey's HSD at p = 0.05. affected by C111. Higher concentrations of C111 led to higher foliar B in impatiens, but did not affect petunia foliar B or Zn.
Medium Fe and Mn. Substrate pH, C111, and their interaction affected the total Fe and Mn concentration in the root medium in both species, except for Mn in impatiens where there was no interaction. Soluble Fe in the growing medium decreased as substrate pH increased (Fig. 1A and B) , consistent with published research on nutrient solubility in a soilless medium (Peterson, 1981) . The lower the substrate pH, the greater the effect of C111 on increasing Fe in the medium (Fig. 1A and  B) , and at pH 7.0 C111 concentration did not affect medium Fe. Medium Fe and tissue Fe (both total Fe and ferrous Fe) were positively linearly correlated for both species (p < 0.001, data not shown).
Medium Mn also decreased as substrate pH increased (Fig. 1C and D) . In contrast with medium Fe, however, the high (0.134 g·L -1 ) C111 treatment resulted in increased medium Mn across the entire pH range. Mn in the medium and tissue were not correlated for either impatiens or petunia.
One aspect of EDTA-chelated micronutrients (as used in C111) is that Fe-EDTA becomes unstable in the medium solution above pH 6.5 (Lindsay, 1979) . Evidence for this instability was found in the reduced Fe levels in the root medium at high substrate pH (Fig. 1) . Problems exist, however, in correlating soil chemical equilibrium relationships with the measured nutrient levels in medium and tissue. The nutrient concentration in the root medium of a growing crop is the result of both solubility and uptake by plant roots. In addition, correlations between the medium and tissue nutrients may be poor because the medium nutrient content is a measure of availability at one point in time, whereas the tissue content is the result of nutrient accumulation over an extended growing period.
The pattern of foliar Mn concentration may have been caused by a combination of soil chemistry (for example, Mn-EDTA is more stable than Fe-EDTA at pH 7 (Norvell, 1991) ) and an antagonistic interaction between uptake of Fe and Mn (Marschner, 1995) . We have seen a similar tissue Mn increase at high substrate pH consistently in other unpublished experiments with petunia, which have also used the EDTA-chelated form of micronutrients, and the high Mn content in tissue at substrate pH above 6.5 is consistently associated with low tissue Fe content. Furthermore, we have observed that the tissue Mn content at high pH can decline following a corrective soil drench Fig. 1 . The effect of substrate pH and fertilizer micronutrient concentration (C111) on the concentration of Fe and Mn in the medium 28 d after transplant, measured in a saturated paste prepared from the medium using deionized water as the extractant: (A) Fe and (B) Mn, for petunia and impatiens 28 d after planting. Solid lines represent least-square means for each pH. Symbols represent least-square means for each C111 treatment (four replications) ± 95% confi dence intervals (❍ 0.033 g·L -1 , ■ 0.067 g·L -1 , and ▲ 0.134 g·L -1 ). tissue total Fe, up to Nutr crit (112 µg·g -1 for petunia and 106 µg·g -1 for impatiens, Table 3 , Fig. 2A and B) (Fig. 2C) . There was no signifi cant relationship between SPAD and foliar Mn for impatiens (Fig. 2D ). Tissue Fe:Mn ratio and SPAD were strongly correlated for both species ( Figure 2E, F) , with a positive trend up to Nutr crit , and a leveling of as the Fe to Mn ratio increased above Nutr crit . Nonlinear regression analysis estimated that there was a decrease in SPAD when the Fe to Mn ratio was below 0.71 for petunia and 0.57 for impatiens.
Because substrate pH affected all nutrients, and because C111 included all micronutrients, nutrient correlations should not be interpreted as directly causing chlorosis. In fact, it is likely that there were a combination of factors interacting to affect the observed chlorosis. Based on our analysis, however, Fe and Mn interactions appeared to have the greatest infl uence on chlorophyll content.
Conclusions
Research on nutrient solubility in a soilless medium in an experiment without plants by Peterson (1981) showed a strong decline in P, Mn, Fe, B, and Zn as pH increased from 4.3 to 7.8, whereas extractable Ca and Mg increased with increasing pH. In contrast, patterns of tissue nutrient concentration of B in petunia, and P, Mn, and Zn in both species differed from those nutrient solubility patterns. This experiment therefore emphasized that the effect of substrate pH on tissue nutrient levels for plants grown in a soilless medium cannot be predicted based solely on nutrient solubility. Although Fe and Cu decreased in tissue with increasing pH, in line with nutrient solubility in the medium (Peterson, 1981) , foliar Zn increased with increasing substrate pH. Mn levels also suggested a bimodal pattern with substrate pH, and Mn levels were highest at pH 7. Trends in foliar B and P content differed between species (Tables 1 and 2 ), further illustrating the complexity of plant-rhizosphere interactions.
As hypothesized, increasing micronutrient level in the applied fertilizer did affect tissue levels, but only by increasing Fe and Cu in petunia, and Fe, Cu, and B in impatiens. Mn level actually decreased in petunia with the increasing micronutrient concentration, and was unaffected in impatiens. An optimum range in substrate pH for plant growth is based on the goal to allow "micronutrient cations to be soluble enough to satisfy plant needs without becoming so soluble as to be toxic" (Brady and Weil, 2000) . Given that micronutrient levels in The solid line was fi t using a two-line model where below a critical nutrient level Nutr crit , a positive linear relationship (a + b 1 Nutr) described the effect of the nutrient on SPAD chlorophyll index to a critical SPAD value (C crit ), and above Nutr crit , the slope changed in a linear relationship with a different gradient (C max + b 2 (Nutr -Nutr crit )) with nutrient concentration, presumably because of saturation. Data were collected 28 d after transplanting, and the model was fi t to combined data from all pH and C111 treatments for each species (n = 60).
with Fe-EDDHA or Fe-DTPA, suggesting an antagonism with Fe is occurring. Nutrient level versus SPAD. In a companion article (Smith et al. [companion article a] ), chlorosis (defi ned as a visually obvious decrease in green color of leaves, and measured by decline in SPAD chlorophyll index below 40 in petunia and 50 in impatiens) was reported in both species at pH 6.1 and 7.0. Chlorosis did not occur in the pH range 4.4 to 5.3 using a micronutrient concentration similar to that of the micronutrient concentration for the median fertilizer described above at 100 mg·L -1 N. The chlorosis diminished at pH 6.1 or 7.0 when the applied micronutrient concentration was increased.
From regression analysis of the foliar concentration of each nutrient against SPAD chlorophyll index (Table 3) , the highest r 2 for petunia occurred for the Fe:Mn ratio, Mn, and total Fe. Correlation coeffi cients were lower overall for impatiens compared with petunia. For impatiens, the highest r 2 occurred with Fe to Mn ratio, total Fe, and Fe 2+ and there was no signifi cant correlation with Mn. For both species, SPAD was positively correlated with the media and tissue can increase as applied micronutrient fertilizer increases, the optimum range in substrate pH for any crop may vary depending on the fertilizer strategy.
Uptake of Fe and Mn has often been shown to be mutually antagonistic (Warden and Reisenauer, 1991) , and excess soluble Fe or Mn can suppress uptake of the less soluble of the two nutrients (Knezek and Greinert, 1971) . The Fe to Mn ratio in water-soluble fertilizers is important in determining uptake and foliar concentration of the two nutrients, and the Fe: Mn ratio in the root medium is recommended to be between 1:1 and 2:1 (Hulme and Ferry, 1999) . However, Reisenauer (1994) cautions that, "although the interaction of Mn and Fe appear to be a mutual antagonism, quantitatively the relationship is much more complex and its many aspects not well understood", and factors such as chelation, levels of other nutrients, and rhizosphere pH infl uence this interaction. The importance of Fe, Mn, and their ratio on observed chlorosis in our experiment indicates the need to explore the potential to utilize highly soluble forms of Fe (e.g., Fe-ED-DHA) in commercial greenhouse production, and varying the ratio between Fe and Mn in fertilizer, in order to reduce susceptibility to chlorosis at high substrate pH.
